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Abstract 
In the context of supercritical CO2 geological storage, the study of leakage event through free media leads to a turbulent two-
phase flow model with Reynolds number Re > 500. In the present work, we compute analytically and characterize the 1-D CO2 
rising velocity in a water column due to buoyancy effect. We also give numerous orders of magnitude concerning side effects 
during gas migration, such as CO2 solubility and Joule-Thomson cooling. Most interesting is the CO2 phase transition at ~800 m 
depth, where gas bubbles may expand a lot and accelerate, or condensate into liquid, slow down and accumulate. 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
Geological storage of CO2 is expected to be carried out at depths below 1000 m, where the gas is highly 
compressed in supercritical conditions and occupies a minimal space. Depending on the injected volume, the CO2 
plume may extend a lot and reach existing wells, faults or any other drain that facilitates the CO2 rising back to the 
surface. In case of a not properly cemented well, or a degraded seal, CO2 could reach the inner space of the well and 
rise up. We assume an unfavorable case where only water is in place, which leads to a two-phase flow.  
The overall goal of this work is the development of a model that characterizes quantitatively and qualitatively the 
upward migration of CO2 into a free medium due to buoyancy. The hereafter presented two-phase flow model is 
based on previous works of Zuber and Findlay [1], Harmathy [2], Wallis and Makkenchery [3], and Shi [4]. The 
strength of this model is to calculate instantaneously the 1-D rising velocity of CO2 in a water-filled well as a 
function of gas density, interfacial tension, and gas volume fraction. Thus, different scenarios can be run and 
compared, and sensitivity analysis is easy. 
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Prior to this development, thermodynamic properties (density, enthalpy, and interfacial tension) of CO2 require to 
be described over pressure and temperature conditions. Both are correlated to depth and eventually linearized 
following different assumptions. Consequently, main results depend only on initial gas volume fraction Įi that is 
correlated to the flow rate, and are described over depth z. Once CO2 velocity is determined, other interesting 
quantities can be derived, such as flow rate, saturation time, rising time, cooling effect, etc. 
 
Nomenclature 
a1, a2 Transition parameters 
C0 Profile parameter 
d Bubble diameter (mm) 
D Well Diameter (m) 
g Gravity (m/s2) 
h Specific enthalpy (kJ/kg) 
gradP Pressure gradient (bar/m) 
M Mass (kg) 
P Pressure (bar) 
Q Flow rate 
Re Reynolds number 
S Solubility factor (kg/m3) 
t Time (s) 
T Temperature (°C) 
V Velocity (m/s) 
z Depth (m) 
Greek letters 
 
Į Gas volume fraction 
ȡ CO2 density (kg/m3) 
ı Water/CO2 interfacial tension (mN/m) 
 
Subscripts 
 
b bubble 
c characteristic 
CO2, g CO2 gas 
d drift 
i initial 
l liquid 
m model 
s surface 
 
 
Vg Vl 0( )
Vd
1 α C0⋅−
2. Drift-flux analytical model 
For the hereafter analysis of the vertical migration of CO2 to the surface, the use of a velocity model is required. 
Based on an analytical description of the drift-flux phenomenon in a vertical two-phase flow system, the model 
formulates the balance between buoyancy forces moving the gas upwards, and drift forces limiting the slip between 
gas and liquid velocities, adjusted by the repartition of liquid and gas into the system. Thus, in a stagnant liquid, 
absolute gas velocity can be expressed according to Zuber and Findlay [1] by: 
 
(1) 
 
where Vd is the drift velocity (local gas/liquid velocity), Į the gas volume fraction, and C0 the profile parameter. 
Indeed, C0 represents the effect of the non-uniform distribution of velocity and gas concentration in the system. For 
large extents and increasing Į we assume the uniform distribution C0 = 1. 
At low values of Į (Į < a1, bubble flow regime), Harmathy [2] expressed the drift velocity Vd = 1.53·Vc with Vc 
the characteristic velocity valid for Re > 500 (turbulent flow): 
 
Vc
σ g⋅ ρl ρg−( )⋅
ρl
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(2) 
 
 
Interfacial tension ı between liquid and gas represents the drift effect while density difference ǻȡ times gravity g 
expresses here the buoyancy effect. 
At higher values of Į (Į > a2, slug flow regime), liquid is present on the inner wall of the well and sustained by a 
continuous stream of flowing gas. Wallis and Makkenchery [3] described this phenomenon that slightly changes the 
gas flooding velocity. Finally, Shi [4] wrote a unique expression of velocity for the whole range of Į: 
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(3) 
 
 
with K(Į)  = 1.53 for Į < a1, K(Į)  = Ku – the “critical Kutateladze number” – for Į > a2, and a linear ramp between 
these values when a1 < Į < a2. This expression of CO2 velocity is used further in the analytical model, under a 
stationary flow condition and using the following quantity values: 
• C0 = 1.0 for large extents and to allow Į to increase up to 1. 
• a1 = 6%, a2 = 21% optimized by Shi [4] however for small diameter pipes (2 inches or less). 
• Ku = 3.2 according to Wallis and Makkenchery [3] for large diameters. 
• Diameter profile is customizable and linearized over the depth. 
• ȡl = ȡwater = 1000 kg/m3 taken as constant all over the well, in fact, ȡCO2 varies far more than ȡwater. 
• ȡg and ı must be studied separately and linearized over the depth.  
• Constant flow QCO2 = Į·ȡCO2·Vg·ʌ·D2/4 determines Įi and Į(z). 
 
3. Input data linearization 
For the purpose of gas velocity computing, CO2 thermodynamic properties are retrieved from the thermodynamic 
database called ‘CO2TAB’ used for the ECO2N module of the multiphase flow simulator TOUGH2 (Pruess and 
Spycher, [5]). Therefore comparisons with future TOUGH2 numerical simulations can be done with respect to these 
data. Density ȡCO2 and specific enthalpy hCO2 are given for 1-600 bar x 3-103°C P-T range. One approximation of 
the model is the assumption of a constant pressure gradient at 1bar/10m. However, CO2 and minerals dissolution 
tend to increase this gradient, while replacing water by gas lowers it, which is studied in § 5. The following 
assumptions are also necessary to model temperature impacts over depth (see Fig. 1): 
- CO2 rises along a classical geothermal temperature profile of 30-33°C/km with a given surface temperature Ts 
if we consider that energy exchanges are small and fast enough with the surrounding water. 
- CO2 rises along an isenthalpic temperature profile if on the contrary, we consider that the well has been cooled 
down due to too many energy exchanges.  
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Fig. 1. Different density profiles for the CO2. Note that below 70bar, only the gas density is considered in the isenthalpic profile 
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The water/CO2 interfacial tension is linearized in the same way using experimental values of Chiquet [6] and 
Kvamme [7]. 
 
4. Velocity Results 
We now run the gas velocity model for different initial conditions concerning: 
- initial gas volume fraction down the well (equivalent to a flow rate definition) 
- temperature profile (isenthalpic profile or geothermal profile with different surface temperatures) 
- well diameter profile (either constant or with several enlargements at shallower depths) 
As a result (not shown on Fig. 2), different definitions of temperature profile do not have any significant 
influence on the gas rising velocity profile, as ȡg and ı are placed under the fourth root in the velocity expression 
Eq.(2). On the contrary, gas volume fraction profile Į(z) affects much more gas velocity, thus the rising time (See 
the correlation Į(z) - Vg(z) on Fig. 2). As a consequence, the smaller the initial gas volume fraction Įi, the later the 
transition to slug flow (high velocity) occurs. Well enlargements at shallower depths also delay this transition: 20% 
(40min) delay for the 3000m rising up (Įi=10%), but 51% (19min) delay over the last 1000m. 
Fig. 2. CO2 velocity for different initial gas volume fraction, constant column diameter and typical well diameter profile (Belaid, [8]) 
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For Įi < 6%, initial gas velocity stays below 0.16m/s. For Įi > 6%, initial gas velocity can be higher, but 
decreases with well enlargement, as Į also decreases. At ~1000 m, CO2 starts to expand rapidly, whatever the 
chosen scenario (see Fig. 1), thus making Į to increase, and accelerating the CO2 rise. 
For next thermal and chemical interactions the case of CO2 density linearization following a geothermal profile 
with Ts = 15°C is used, as it is the most widely usable model. Indeed, the isenthalpic model of CO2 density 
linearization leads to a 3-phase flow model at 700m depth (water, liquid CO2, gaseous CO2), and the use of 
geothermal profile with a surface temperature Ts = 5°C leads to CO2 boiling at 600 m depth. 
 
gradP z( ) g 1 α z(−( ) ρH2O⋅ α z( ) ρCO2 z( )⋅+ª¬ º¼⋅:=
5. Validation and Feedbacks 
Some of the assumptions concerning the gas velocity model may result in non negligible approximations. Main 
ones – these must be verified – concern the “supposed constant” pressure gradient and the turbulent flow case 
(Re > 500). Indeed, the given constant pressure gradient is the one of a water column without gas. When CO2 
occupies a volume previously occupied by water, it weights less and affects the whole column below. The pressure 
gradient, and thus the pressure profile in the column are changed according to: 
(4) 
 
On Fig. 3, we can see the gap between a hydrostatic pressure gradient (Įi = 0) and other pressure gradient 
affected by CO2 replacement of water. Though no major change is observed for the total pressure down the well, the 
case Įi = 10% shows a gap between supposed pressure (normal hydrostatic pressure) and real pressure that is no 
more negligible. For other cases (Įi < 3%), only the last tens of meters are affected by gas replacement, which 
represents about 6.3 m3 expulsed water for Įi = 3%. This leads to underestimate (some tens of meters) the phase 
transition depth where CO2 accelerates upwards. However, this approximation is justified by some other 
uncertainties that may affect the pressure gradient. First one is the water density that is considered constant 
ȡw=1000 kg/m3. This is underestimated if the water is charged with minerals, which could counterbalance void 
effect. 
Fig. 3 Change of pressure profile over depth. Fig. 4 Condition on CO2 bubble size for Re>500 (turbulent flow) 
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Concerning flow regime, Harmathy’s characteristic velocity is given for Re = ȡH2O·Vg·d/ȝH2O > 500, i.e. turbulent 
flow is assumed. As the CO2 bubble formation process is not yet known for geological storage depths, we cannot 
verify the certainty of the turbulent regime assumption. At least, using Batzle and Wang [9] expression of water 
viscosity, we express in  Fig. 4 the constraint on the CO2 bubble diameter to be in such condition. We can indeed 
observe that an initial CO2 bubble of diameter 1.66 mm that does not dissociate will stay bigger than the minimal 
size that verifies the Reynolds number constraint. 
 
6. Discussion and analysis 
6.1. Dissolution event 
While rising up, the CO2 gas is subject to dissolution in upper non saturated water layers following Henry’s law. 
Duan and Sun [10] provide values of CO2 solubility in pure water that range from ~2 g/l (0 m depth, 1 bar, 15°C) to 
~60 g/l (3000 m depth, 300 bar, 105°C). In order to give an order of magnitude of the phenomenon, we assume that 
the dissolution reaction is very fast so that gaseous CO2 first dissolves until saturation before it rises further. 
Knowing the uprising gas flow rate (correlated with Įi), CO2-front propagation is easily computed and represents 
the time needed for gaseous CO2 to reach a given depth (see Fig. 5). In the case QCO2 = 317g/s, 10 hr are needed to 
“fill in” the entire well with dissolved CO2, then the gas leaves the well probably in a periodic manner. 
It is noticeable that a significant amount of CO2 can be stored (MCO2~5.5 tons of aqueous CO2 in 157 ton water 
for a typical well profile). That quantity is an issue for well content, as dissolved CO2 concentration is stratified. 
Indeed deepest water layers contain more aqueous CO2 than shallower ones, due to increased pressure over depth. In 
case of pressure instability, some water layers could exsolve some CO2, which in return reduces pressure gradient 
and pressure of layers below. This could lead to a well eruption and a geyser formation. Unfortunately, the assumed 
steady flow model does not allow us to further study these possibilities. Pruess [11] simulated numerically CO2 
leakage in a porous fault (710 m deep) and in a well (250 m deep) and observed in both cases a cyclic discharge of 
gas. Frequency is about 3 annual cycles for the porous fault, but 55 daily cycles for the well leakage. 
A natural analogue of CO2 leakage is being monitored by Gouveia and Friedmann [12] at Crystal Geyser (UT) 
that shows the periodic discharge of CO2-water mixture from a natural reservoir of CO2 perforated by an 800 m deep 
drilled well. Short eruptions (7-32 min) coexist with twice less frequent long eruptions (98-132 min) at a rate of 1-3 
eruptions daily, in average 101 min eruption time per day. During eruptions, involved CO2 flow rates are measured 
up to 360 kg/min, totalizing 11000 t/yr. This is considered to be an extremely unfavorable case where the well has 
been drilled just into the natural reservoir, and not properly capped so that no significant cement seal prevents the 
upward migration of CO2. 
Fig. 5 Depths reached by gaseous CO2 as a function of time, for different initial gas volume fractions (or flow rates) 
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6.2. Non-isothermal effects 
Another effect that may occur while the CO2 rises up is the gas rapid decompression at ~800 m. Indeed, this 
strong and adiabatic/isenthalpic expansion (see Fig. 6) affects CO2 temperature and cools down surrounding fluid 
due to Joule-Thomson effects. Assuming that the gas is kept at geothermal temperature means that well water has 
the capacity of heating the flowing gas. However, if no other heat source than water is considered, water will 
eventually cool down as well. This transition between a geothermal profile of temperature and a more isenthalpic 
profile is also observed by Pruess [11] while simulating leakage through a porous fault. 
As an example, between -900 m (T = 42°C, hCO2 = 660 kJ/kg) and -700 m (T = 36°C, hCO2 = 720 kJ/kg), for 
QCO2 = 100 g/s, 30 W/m are required to keep CO2 temperature balanced with water. For 9 tons of water in this well 
portion (D~24 cm), the water cools down -1.07°C/tCO2 at -700 m. It needs only 5.6 tonCO2 flowing in ~16 hr to cool 
the water as far as T(-700 m) = 30°C, where CO2 gas condensates into liquid phase. 
On Fig. 6, we can see that the considered CO2 injection zone (between 1000 m and 3000 m depth and at 
geothermal temperature) is situated in the extension of the saturation zone. A completely isenthalpic rising would 
theoretically lead to the formation of ~30% liquid CO2 at 700 m, reach 0°C at ~330 m, the liquid phase would 
weight 1000 kg/m3 (like water) at ~220 m with a temperature of -13°C, and solid phase would appear at ~50 m, -
56,6°C (triple point). At this stage, main assumptions become false (liquid water, constant pressure gradient…) and 
the model is no more reliable, at least it gives a tendency. However the fact has already been observed while drilling 
for oil and described by Les Skinner [13]. Indeed, when some gaseous CO2 is present in the mixture, it rises up with 
oil and produces dry ice at the surface. 
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7. Conclusion 
CO2 leakage events are manifold. Though leakage from a man made storage site, when occurring, is expected to 
be diffuse and small enough, we need to assess the risk of the improbable event of a high discharge rate due to a 
drain (not properly sealed well) between the reservoir and the surface. Indeed, as presented here, the effect is far 
from negligible, even if standing near a CO2 erupting geyser is not lethal. 
In this model the range of leakage rates is entirely assumed and we only describe the further behavior of the gas 
once introduced into the well. That is why an analytical flow model, well-suited for the immediate computation of a 
given study case, was developed. Chosen leakage rates are not yet representative of any precise situation. In order to 
determine the initial gas volume fraction down the well, we need a reservoir-well transition model. 
Main point to stress is that rising up of CO2 in a free medium is extremely fast – from 0.15 m/s up to some m/s 
compared to some ȝm/s for CO2 velocity in a porous medium. Even though higher viscosity of the fluid in the well 
could slow down CO2 bubbles, considered time scales are definitely shorter. Main factor is indeed the gas 
conductivity of the medium. 
Given flow rates and correlated initial gas volume fractions determine saturation time – time needed to get all 
water layers of the well saturated with dissolved CO2 – which is from about 10 hours (most unfavorable case) up to 
several months and more. Strong cooling may occur at high leakage rate. Quantitative description remains uneasy, 
as numerous quantities are highly unknown, uncertain, or variable.  
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